In this paper two GaAs samples were investigated; one was a very pure sample grown by chemicalvapor deposition, the other was grown by molecular-beam epitaxy. The dominant optical transition in the high-purity sample was the donor-bound-exciton transition. Phonon sidebands associated with both the free exciton and the donor-bound exciton were observed. The active phonons were the longitudinaloptical (LO) and the transverse-optical (TO) modes associated with both the free exciton and the donorbound exciton at the I point in k space; the TO mode from the donor-bound exciton at the X point, the LO from the free exciton at the L point and/or X point, and the longitudinal-acoustical mode from the free exciton at the X point and the L point. These phonon-coupled exciton transitions were not observed in the sample grown by molecular-beam epitaxy; however, phonon sidebands associated with free-tobound and bound-to-bound transitions were observed. The transverse-acoustical mode at the X point was observed along with lower-energy modes that were attributed to impurity and defect structures in the material.
I. INTRODUCTION Phonon sidebands have been observed in the optical transitions of many materials. From these measurements intrinsic bulk phonon energies can be determined as well as impurity-related phonon energies. In materials where the phonon-dispersion relations are known, the phonon sidebands can reveal phonon modes throughout the zone.
In the case of GaAs, phonon modes have been determined from different experimental techniques.
Lattice absorption measurements in the 10 -40p range were used to establish five different phonon energies. ' These, along with the known elastic constants, allowed a calculation of the complete phonon spectrum using an extension of the shell model. An 11-parameter rigid-ion model was later used to describe the lattice dynamics of GaAs. The calculated frequencies were compared with those obtained from other models and were also compared to measured neutron-scattering data. ' The model was also extended to compare with data obtained from second-order Raman spectra.
In the current experiment the host material was unintentionally doped GaAs. Two samples were investigated: one was a very pure layer grown by chemical vapor deposition (CVD), while the other, somewhat less pure, was grown by molecular beam epitaxy (MBE). The dominant optical feature in the high-purity sample was the donor bound exciton (D,X) transition, and all other transitions were less intense by at least an order of magnitude. In this sample phonon sidebands associated with both the free exciton (X) and D,X were observed; in fact, the phonons appeared to couple more strongly to X than to D,X. The phonons that were observed in this sample were the LO from both X and D,X at the I point, the TO from both X and the D,X at the I point, the TO from D,X at the X point, the LO from the X at the L and/or X point, the LA from X at the X point, and the LA from X at the L point. In almost all cases the phonon sidebands were very sharp and were identified from the phonon dispersion relations of Waugh and Al"Ga, , As/GaAs superlattice buffer followed by 5000
A of nominally undoped GaAs followed by an Al"Ga& "As/In"Ga& As/GaAs pseudomorphic high electron mobility (pHEMT) device structure. The undoped GaAs from this MBE typically is n type, with a carrier concentration of -10' cm and a mobility of 6X 10 cm /V sec at 77 K.
The photoluminescence (PL) spectra were excited with an Ar+-ion laser pumped tunable dye laser using styryl 9 dye. The measurements were made at 2 K with the sample immersed in liquid He. The spectra were analyzed with a high-resolution 4-m spectrometer equipped with a RCA C31034A photomultiplier tube for detection.
III. EXPERIMENTAL RESULTS
The emission spectra from the sample grown by chemical vapor deposition are shown in Fig. 1 FICx. 4. Phonon sidebands associated with the emission spectra from Fig. 3 with pumping energies at 1.485S eV, and at 1.4869 eV in the inset.
cas are shown in the inset of Fig. 4 ; when the pump energy is increased to 1.4869 eV, the replica transition energies all move to higher energy by a corresponding amount. The transition at 1.4835 eV is now masked by the increased intensity of the B-B transition as the pump energy moves into the more intense region of the B-B rison to study the lattice relaxation around the impurity atoms. The local distortions caused by substitutional impurities are determined from the minimum of total bond energy. Values of the radial force constant at the impurity site are then evaluated approximately from the second derivative of the bond energy. In the second step, the frequencies of the impurity vibrations are obtained by using a Green's function theory.
In setting up the dynamical matrix in the Green'sfunction formalism, we evaluate all the involved Greensfunction matrix elements (G ) numerically by incorporating phonons generated by an 11-parameter rigid-ion model fitted to the inelastic neutron-scattering data of GaAs.
The nearest-neighbor force-constant changes caused by defects are properly included in the perturbation matrix (P), and the frequencies of the impurity modes are determined by setting the determinant of the dynamical matrix equal to zero t Re fI -G Pf =OI.
For a substitutional defect in a zinc-blende host crystal such as GaAs, the point group is Td. If the impurity-host interaction is confined to the nearest-neighbor (nn) Table II for In&, and V&, compare favorably with the observed impurity-induced features. The Vz, -related breathing mode near 6 meV in GaAs has also been observed recently by Raman spectroscopy. We are unable to establish the identity of the observed impurity mode near -2 meV. It is likely that this mode is related to a complex center involving Ino, .
V. CONCLUSION The emission spectra from high-purity GaAs is rich in phonon structure. The phonons couple strongly to the free exciton with somewhat weaker coupling to the donor-bound exciton. Coupling occurs at all of the major symmetry points in k space. Only intrinsic phonon structures are observed, showing high-quality material as also determined by independent electrical and optical measurements. The sample containing the higher impurity concentration with associated defects does not exhibit the intrinsic phonon structures observed in the high-purity sample. In this sample extrinsic phonon structure is observed that can be identi6ed with impurities and defects present in the sample. The difference in the material quality of the two samples is clearly distinguished in the resulting phonon spectra associated with their optical transitions. This characterization technique in conjunction with supplementary techniques provides additional information for evaluating material quality.
